Back-action Driven Electron Spin Singlet-Triplet Excitation in a Single Quantum Dot 
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In a single quantum dot (QD), the electrons were driven out of thermal equilibrium by the back- 
action from a nearby quantum point contact (QPC). We found the driving to energy excited states 
can be probed with the random telegraph signal (RTS) statistics, when the excited states relax 
slowly compared with RTS tunneling rate. We studied the last few electrons, and found back-action 
driven spin singlet-triplet (S-T) excitation for and only for all the even number of electrons. We 
developed a phenomenological model to quantitatively characterize the spin S-T excitation rate, 
which enabled us to evaluate the influence of back-action on spin S-T based qubit operations. 



Individual electron charges or spins in semiconduc- 
tor quantum dots (QDs) are prospective for implement- 
ing solid-state quantum computerd^. Especially, the 
spin singlet-triplet (S-T) states have been widely uti- 
lized to realize single and double qubits^. In nearly all 
these demonstrations, a quantum point contact (QPC) 
is needed to read out the qubit states. However, it is 
also speculated that the inevitable QPC back-action can 
cause the qubit states to relax and dephase^. Experi- 
mentally, it lacks a quantitative study of the effects of 
back-action on the evolution of spin S-T states, which 
will be important to achieve high fidelity quantum com- 
putation. 

In this work, we observed back-action induced excita- 
tion from spin singlet to triplet states and quantitatively 
determined the excitation rate. The back-action strength 
is tunable through the QD-QPC coupling or QPC bias. 
Under strong back-action condition, the spin singlet elec- 
tron is driven out of the QD or up to the triplet states. 
Due to its sensitivity to the QD energy spectroscopy, 
the QPC real-time charge counting statistics serves as 
a probe to the spin S-T excitations. By solving density 
matrix rate equations, we can quantitatively measure the 
excitation rate, which will enable us to evaluate the effect 
of back-action on spin S-T based qubits. 

A single QD with a QPC on side was fabricated in 
a GaAs/AlGaAs heterostructure, as shown in Fig. [I] 
(a). The left barrier of the QD is closed and the elec- 
trons only tunnel through the right barrier (tunneling 
rate controlled by gates RT and RB). A tiny gap between 
gates LT and RT, which opening is modulated by voltage 
Vt = Vlt = Vrt, was found to control the QPC back- 
action to the QE0. All the ohmic contacts are grounded 
except that one side of the QPC is applied with a small 
dc voltage Vdc to measure the current Iqpc- Fig. [I] (b) 
shows the numerical derivative of Iqpc-, with each sharp 
peak representing the tunneling of an individual electron. 
In this work we studied the last six electrons. Fig. [I] (c) 
shows a random telegraph signal (RTS) trace, i.e., the 
real-time electron tunneling, for Oe -H- le. 




FIG. 1: (a) A diagram showing the geometry of our QD- 
QPC structure and the measurement set-up. (b) Numerical 
derivative of Iqpc when Vp is swept to control the QD elec- 
tron number from 6 to 0. (c) A typical trace of RTS when 
Vp = — 1.11V, corresponding to the Oe <-¥ le tunneling. 



The characterization of back-action strength was re- 
ported in an earlier worleH The back-action, controlled 
by the QPC bias voltage or the QD-QPC opening, con- 
tributes an extra tunneling out rate that can be mea- 
sured using RTS statistics. In this paper, we found that 
the RTS statistics showed distinctive features for the odd 
and even number of electrons. We recorded the RTS 
statistics for all the last 6 electrons. First let's look at 
Fig. [2] for the odd numbers, n = 5, 3, and 1. They just 
showed the back-action induced saturation effect as we 
explained earlier^. When fj, n « Ep, the n th electron is 
supposed to be trapped in the dot and the electron oc- 
cupancy ratio R n -i/ n should exponentially drop to zero. 
Instead, we see that i? n _i/ n saturates on the ji n << Ep 
side because the n th electron can absorb the phonons 
emitted by QPC and escape the dot. Same effect is seen 
for the total tunneling rate r tota ' and tunneling out rate 
r OMt . The back-action induced tunneling out rate A out 
is found to be invariant within a certain cut-off energy. 
On the other hand there is no obvious saturation effect 
on the n n » Ep side, which indicates that the back- 
action induced tunneling in rate A m is negligible since the 
2-dimensional electron gas (2DEG) is a thermal equilib- 
rium reservoir. 

As a comparison, the even electron numbers showed 
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FIG. 2: RTS statistics of (n — l)e <-> ne transition for odd 
electron numbers n = 5, 3, and 1. Here Vt = —1.2V and 
Vdc = lmV. (a) J? n _i/„. (b) r' oiai . (c) Black closed circles 
are T out , and red open circles are F m . 



dramatic additional features except this saturation effect, 
as indicated by the red arrows in Fig. [3] For instance, for 
n = 2, R\/2 shows an extra elevated plateau extending 
to the point fi n — Ep = — 0.80meV. Except the major 
peak at the balance point /j„ — Ep = 0, Y total shows an 
extra peak also at — 0.80meV. The extra feature is also 
seen in T out and T m . For n — 4, a pronounced extra 
feature is observed at — O.bOmeV. Another minor addi- 
tional feature occurs at — 0.90meV. For n — 6, there are 
two likely extra features at —Q.Z'UmeV and — Q.62meV, 
although almost buried in noise. 

These additional features apparently represent some 
excited states that the QD electrons hit into for some 
reasorP. The finding that these excited states only ap- 
pear for even number of electrons makes us to rationalize 
that they are the spin S-T splittings. A number of rea- 
sons justify our speculation. First of all, orbital excited 
states have much faster relaxation rate (Xi in the 10ns 
range in GaAs QDs^) compared with the RTS tunneling 
rate (about 1kHz at the balance point) and we believe 
they can hardly be resolved in this experiment. Spin 
excited states, on the other hand, have slow relaxation 
rate (Xi approaches ms for S-T ) comparable to the RTS 
tunneling rate here and should be readily resolved. Sec- 
ond, an even number of electrons are supposed to form 
spin S-T configuration with non-zero energy splitting at 
zero magnetic field due to exchange interaction, while an 
odd number of electrons leaves a dangling spin whose two 
spin states are degenerate at zero magnetic field. These 
explain why we observe excited states for the even num- 
ber of electrons and not for the odd numbers. Third, the 
magnitude of these excited states is comparable with the 
S-T splitting observed in pump-and-probe 7 and biased 
transport experiments^. 

We think that the observed excitation from spin singlet 
to triplet states must be due to the QPC back-action. 
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FIG. 3: RTS statistics of (n — l)e o ne transition for even 
electron numbers n = 6, 4, and 2. Here Vt = —1.2V and 
V dc = lmV. (a) R n - 1/n . (b) r totai . (c) Black closed circles 
are r° ut , and red open circles are T ln . The red arrows point 
to the additional features. The solid lines are the simulation 
considering excited states. 



People usually use large bias across the QD contacts or 
fast pulses on the surface gates to pump electrons onto 
the excited states. In our experiment, no pulse is applied 
and both the QD contacts are grounded. There seems 
no other excitation source except the back-action. To 
verify this assertion, we tuned the back-action down by 
closing the QD-QPC gap or decreasing the QPC dc bias. 
Fig. [I] (a) - (c) show the le «-» 2e RTS statistics under 
different back-action strength. For the black circles, red 
triangles, and blue stars, the back-action is from strong 
to weak and we can clearly see that both the saturation 
and excitation effects become weaker. 

The excitation by back-action is illustrated in Fig. [4] 
(d). Suppose ne state has a ground level E^ and an 
excited level E%. When Mn << E F , the n th electron is 
supposed to remain on E%, and E% is kept empty due 
to Coulomb repulsion. However, the back-action drives 
the n th electron out of the dot or up to and initiates 
the transition between E^ and the 2DEG. So we see a 
side peak when [i^ is aligned with Ep. To quantitatively 
understand this effect, we developed a phenomenological 
theory. We consider the general case of 1 state for (n— l)e 
and M states for ne: E" (a = 1, M). Their occupancy 
can be described by a series of rate equations^ 



d_ p 
dt r% 



Here subscripts k = 0, 1, ...,M, Pq denote the (n — 
l)e occupancy and P a denotes the occupancy for each 
ne state E". Yji is the tunneling rate from state j to 
i. Specially, T H = 0, r a0 = T° a ut , and r 0a = I* 1 . For 
/3 > a, (Tp a — Tap) is the relaxation rate from E% toE%. 
Because Pq + Y2 a Pa = 1, we can reduce the steady-state 
to M independent equations: 



rate equations 4fP% 



Yj& XafiPp = Y a 
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FIG. 4: (a) - (c): RTS statistics of le o 2e transition un- 
der different back-action strength. Back-action from weak to 
strong: blue stars are taken at Vt = —1.5V and Vdc = lmV; 
red triangles at Vt — 1.5V and Vdc = 2mV; black circles at 
Vt = —1.2V and Vj c = lmV, same as the data in Fig. |3]for 
n = 2. In (c), closed shapes are F "' and open shapes are 
r"\ Solid lines are our simulation. The purple dashed lines 
are the simulation at the same condition as Vt = —1.5V and 
Vdc = lmV , except that T\ is reduced from 0.7ms to 7ns. 
(d) Illustration of the back-action driven excitation between 
a ground state S and an excited state T. 

These equations can be easily solved if all the rates Tji 
are known. Then the RTS statistics can be obtained by: 

Y^otai i/(i/r ou ^ -t- i/r^ n ) 

■n-n-l/n — 1 l l 

As discussed above, QPC back-action drives the QD 
electrons out of the dot or up to the excited states. We 
specify these excitation rates as A a o and K a p. Since they 
were found to be energy independent before a cut-off en- 
ergy, we set all the tunneling rates as follows^ 

r ct0 = g„-i[A Q0 + r;(i -/«))] 

r 0Q = g n T* a f{ij%) 

r Qf 3 = A a( g, T 0a = A Q(3 + l/T-f Q (/3 > a) 

Here T* , A a0 , A Q| g, and T-f Q are input as free param- 
eters to simulate the observed RTS statistics. g n -i = 2 
is the (n — l)e spin degeneracy, and g n = 1 since now 
we consider each ne state separately. For convenience, 
we assume A q0 /r* is the same for all a and A Q/ 3 remains 
constant for all a/3, because the back-action phonon spec- 
trum was revealed to be invariant within a wide energy 
rang <P. The comparison with the data at extreme con- 
ditions can give us estimate about the values of T* and 
A q0 - For instance, T m w g n Tl when [i\ « E F « fj%; 



r m « g n E a r « '<™d T out » 5 „_iA a0 when n* 1 « E F ; 
and so on. Some relaxation time T-f Q are measurable 
through our pump-and-probe measurements, and we use 
these values to assist our simulation. 

For n = 2, two spins form a ground state (singlet \S}) 
and three energy- degenerate excited states (triplet |T~), 
IT ), and \T + )). In principle, we cannot distinguish the 
three triplet states at zero magnetic fielcP^. The observed 
excited state should be an average effect for all of them. 
However, their tunneling rate and relaxation time should 
be different. Presumably, one of them should dominate 
due to its overwhelming relaxation time and/or tunneling 
rate. For instance, pump-and-probe measurement usu- 
ally only reveals a magnetic field invariant triplet state 
(|T )) which possesses a long relaxation timeA In this 
paper we don't pretend to know which state dominates 
and just denote it as \T) without losing generality. Af- 
ter setting these rules, we gave the simulation results for 
the data in Fig. [4] (a) - (c), shown as the solid lines. 
Our simulation clearly repeats all the major features. As 
we increase the back-action strength, the tunneling rate 
F* changes very little: T* s varies between 1.7kHz and 
1.8kHz, and from 12kHz to 14kHz. The simulated 
relaxation time T% increases from 0.7ms through 0.8ms 
to 1.9ms, probably due to the quantum Zeno effectP^l 
What we are most concerned in this experiment is that 
the back-action induced tunneling rates A Q o and A Q ^ 
show dramatic growth: A50 = Ato increases from 0.5Hz 
through 2Hz to 15Hz, and A$t from 2Hz through 10Hz 
to 120Hz. The increase of spin S-T excitation rate Agr 
proves that it is driven by back-action. 

In addition, we simulated the case of very short relax- 
ation time T\. For Vr = —1.5V and Vdc = lmV, we 
intentionally reduced Tj from 0.7ms to 7ns while keep- 
ing all other parameters unchanged, in resemblance of 
an orbital excited state. The simulation (purple dashed 
lines) shows that the strong side peak in T total and T out 
at — 0.80meV vanishes. Only some residue remains in 
R n -x/ n and r m . This verifies that charge excited states 
have low visibility due to their short relaxation time. 

For n = 4, we need to consider two spin excited states 
since we observed two extra features, as indicated by 
the red arrows in Fig. [3j First, the simulation reveals 
that A q0 = 18Hz and k a p = 90Hz. It is these strong 
back-action induced tunneling rates that makes the ob- 
servation of spin excited states possible. To get a bet- 
ter understanding of the excited states spectroscopy, we 
summarize the results for all the even electron numbers 
in Table I, where AE al = E% - E\ is the excited state 
energy with respect to the ground state; Eq is the charg- 
ing energy; and Ae is the estimated orbital level spac- 
ing. We concluded that if the ground state (a = 1) is 
the spin singlet on the first orbital level dlS")), then the 
second state (a — 2) is the spin triplet on the first or- 
bital level (| IT)), and the third state (a — 3) is the spin 
singlet on the second orbital level (\2S)). First, the re- 
laxation time Tf 1 (| IT) \1S)) and Tp (\2S) -> |1T)) 
are long since they are between singlet and triplet states. 
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If 1 (\2S) -t 1 15)) turns out to be short, since this is 
a non-spin-flipping process. Second, the ratio of AE 21 
(|15) — | IT) energy splitting) for n — 6, 4 and 2 is 
0.38 : 0.50 : 0.80 = 0.48 : 0.63 : 1, in agreement with that 
of the charging energy Ec, 3.5 : 4.5 : 6.6 = 0.53 : 0.68 : 1. 
Recall that both the charging energy and exchange en- 
ergy (thus the S-T splitting) are proportional to the re- 
ciprocal of the QD size, this agreement implies that the 
increase of 1S-1T splitting with decreasing electron num- 
ber is due to the shrinking of the QD size. Last, A_E 31 
(|15) — |25) energy splitting) should actually be the or- 
bital level spacing, as proved by their good agreement 
with our estimated Ae. All these agreements validate 
our energy spectroscopy assignments. Here we need to 
point out two things: For n = 2, the energy of the third 
state 1 25) is out of the shown energy window; For n = 6, 
the signal-to-noise ratio is too small for us to perform a 
faithful simulation, probably due to much smaller energy 
splitting, tunneling rate, and/or relaxation time. 



TABLE I: Simulation results for n = 2, 4, and 6. 
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T 21 


T 31 


T 32 


AE 21 


AE 31 
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0.38meV 


0.62meV 


3.5meV 


0.59meV 
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1.2ms 


25ms 


1.0ms 


0.50meV 


O.QOmeV 


A.5meV 


0.98meV 
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1.9ms 


/ 


/ 


0.80meV 


1 


Q.QmeV 


2.12meL 



The ability to determine the back-action induced tun- 
neling rate from spin ground state to spin excited states 
enables us to evaluate the influence of back-action on 
the operation of individual electron spin states, based on 
which spin qubits are implemented. For instance, when 
performing the coherent oscillation of a spin S-T based 



qubit, the averaging of the QPC read-out over a time du- 
ration comparable to the relaxation time Tf T is repeated 
many times. If during each read-out cycle, the unwanted 
back-action induced spin S-T excitation is severe, then 
the qubit status is ruined (The back-action induced tun- 
neling out rate A a o can be suppressed by closing the tun- 
neling barriers so its effect is not discussed here.). So we 
use the ratio between back-action driven spin S-T exci- 
tation rate A$t and the relaxation rate 1 /T-f T to set an 
upper-limit of the fidelity of qubit operation: 

Fidelity < (1 - A ST Tf T ) 

For n = 2, we found the back-action imposed upper- 
limit for fidelity reaches 99.8% for Vr — —1.5V and 
V dc = lmV, and drops to 77.2% for V T = -1.2V and 
Vdc = lmV . For the first case A$t is only 2Hz and for 
the latter case A$t = 120Hz is much higher. We can 
see that the increase of back-action strength is possible 
to cause substantial degradation of the qubit operation 
fidelity. For a given system, our method provides a way 
to explicitly determine Ast and quantitatively evaluate 
the influence of back-action on qubit operation. 

In conclusion, due to the strong and tunable back- 
action in our device, we observed robust signatures of 
spin S-T excitations through RTS statistics. We devel- 
oped a method to quantitatively analyze the back-action 
driven excitation rate, which opens a door to evaluate 
the effect of back-action on spin S-T based qubits. We 
hope this study can raise more interests in the role of 
back-action in quantum computation. 
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